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1. INTRODUCTION

The desire to employ classical mechanical molecular modeling and molecular dynamics for
ever more complicated molecular systems has created the need for more general and
accurate descriptions of the potential energy. Major goals of both molecular mechanics and
molecular dynamics calculations are to predict and understand the behavior of the system at a
molecular level. The success or failure in attaining these goals depends mainly on the
accuracy of the potential energy function in describing the system. Often only limited data are
available to use in developing these functions, such as vibrational frequencies and activation
energies from experiment, or selected energies and geometries calculated by ab initio
methods.

Molecular mechanics calculations employ force fields which are usually tailored to describe
conformational changes that lie within a few kcal/mol of the equilibrium structure and are
transferable among molecules. Recently developed force fields, such as MM3 (Allinger, Yuh,
and Lii 1989) and CFF89 (Maple et al. 1990), provide more general descriptions of materials
than did the first generation of force fields. While these force fields offer the opportunity to
model well the properties of materials, there is an increased requirement for molecular
information from which force field parameters can be derived. In several recent publications,
force field parameters have been derived by fitting to computed properties and to the energy
derivatives (first and second) calculated by ab initio quantum chemical techniques (Maple,
Dinur, and Hagler 1988; Hagler et al. 1989; Dinur and Hagler 1989a, 19839b, 1990). The fitting
techniques depend upon the application and upon the desire to derive transterable force field
parameters. Inclusion of the additional information obtained from the ab initio calculations has
been reasonably successful in deriving force fields that better describe the test molecule and
related molecules.

in a molecular dynamics simulation of a molecular reaction, by contrast, the energy
expression is generally designed for the specific problem, such as a decomposition path. In
that case, the potential energy function is designed to describe the reactant and product, and,
if applicable, the transition state for the reaction. Despite the difference in focus, the

technigues that have provad successful in the development of force fields for molecular




models should have application in the derivation of a molecuiar dynamics potential energy
function.

To test this assertion, we construct potential energy expressions for the methylene
nitramine molecule, CH,NNO,, and examine the effects of these models on the dynamics of
unimolecular decomposition via N-N bond rupture. Ab initio calculations for methylene
nitramine, the transition state ieading to the elimination of HONO and the N-N bond
fragmentation path have been reported (Mowrey et. al 1990). In the present work, we
assumed a specific molecular-mechanics-type functional form for the potential energy of
CH,NNO,, and the parameters in this form were adjusted in two different ways. In the first,
Model 1, the parameters were fit to the matrix of second derivatives of the energy with respect
to Cartesian coordinates computed in Mowrey et al. (1990). The parameters for Model 2 were
fitted only to the harmonic vibrational frequencies reported by Mowrey et al. (1980). For this
study, the properties were computed for the equilibrium structure as determined using an
8-in-8 CASSCF with a double zeta atomic basis set.

In Section 2, we describe the functional form of the potential energy surface and comment
on the features. The following section contains the description of the molecular dynamics
calculations for both potential energy models and discusses the differences between the two
sets of results.

2. POTENTIAL ENERGY SURFACE

2.1 Form of the Potential. The function used to describe methylene nitramine is :

rerch tretch retch retch, ' ond
CHNNG, = IVew (1) + Vo + Vw  + EVio (1) + E Ve (1)

END END END, ' END T T 1
ovo + X Vien (1)) + [X Vo (1) + Veww + chr/svgn + X VHZ'Z'IZ’," (1)

+

+

Vier, + Viwg,) F(Ruw)

]




where all of the interaction potential energy functions and parameters are given in Table 1 and
F(R,,) is a function which attenuates interaction terms as N-N dissociation occurs. The form
of F(Ry) is

1.0, RwsRq"

F(R,,) = @
" exp(_aNN[RNN_R:Wr)’ RNN)R:IN .

where a,, and A" are the Morse-function parameters for the N-N bond listed in Table 1.
Some of the terms in Equation 1 show dependence on 1, or 1,(the HCNN or CNNO dihedral
angles, respectively). The force constants and geometries differ for these interactions
depending on the orientation of these dihedral angles. The changes in the two types of
parameters can be described as follows:

P = P + (P _ P%)[1.0 - cos(t)]/2 (3)

where 1 is the appropriate CNNO or HCNN dihedral angle and P denotes a force constant or
geometric parameter. The terms V,,,”J""" are functions of the out-of-plane wagging angle, .
The angle w is given as

(R, x A))

X . -
cos(m) = i 1k 'R
©) -7rr sin@,,) "

J gk

and represents the angle between a bond ji and a vector perpendicular to the plane defined
by two bonds jk and ji, with o = 90° corresponding to the equilibrium configuration. The
potential energy term for the wagging motion is the same as for the bending motion.
Parameters for Model 1 were obtained by a non-linear least squares fit to the Cartesian
second energy derivatives calculated by ab initio methods (Mowrey et al. 1990). Starting with
the parameter set for Model 1, the parameters for Model 2 were adjusted by non-linear least

squares to fit the ab initio frequencies only, without regard to the accompanying eigenvectors.

2.2 Features of the Two Models. The equilibrium geometries and normal mode

frequancies for the two models are shown for comparison with the ab initio results in Tables 2
and 3, respectively. We have chosen the ab initio frequencies and eigenvectors as our

standard for comparison. Because the parameters of the potential function for Model 2 were
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Table 2. Structural Parameters for CH,NNO, at the Equilibrium Geometry

Internal®
Coordinate | Ab initio® | Model 1 Model 2
R(CN) 1.271 1.271 1.271
R(NN) 1.441 1.441 1.441
R(NO)® 1.303 1.303 1.303
R(NO)" 1.240 1.239 1.239
R(CH)® 1.073 1.073 1.073
R(CH)' 1.071 1.071 1.071

6(CNN) | 115700 | 115.700 | 115.700
8(NNO)* | 121.100 | 121.100 | 121.100
O(NNO)* | 114500 | 114500 | 114.500
O(HCN)® | 124.100 | 124.100 | 124.100
6(HCN) | 116.000 | 116.000 | 116.000
8(ONO) | 124.400 | 124500 | 124.500

® Bond distances and angles are given in units of A and degrees, respectively.

® 8-in-8 CASSCF/DZ (Mowrey et. al 1990).
¢ Oxygen atom no. 1 (see Figure 1).

d Oxygen atom no. 2 (see Figure 1).

® Hydrogen atom no. 1 (see Figure 1).

! Hydrogen atom no. 2 (see Figure 1).

determined by fitting to the ab initio frequencies, the agreement between the two is very close.
This is the best fit to the frequencies that the functional form would allow. The comparison
between the ab initio frequencies and those calculated from Model 1 is, as expected, less
satisfactory. In fact, the frequencies calculated from Model 1 are in significant disagreement
with the ab initio value for modes 2, 4, 6, and 11. The eigenvectors of Model 1, however,
fairly well resemble those of the ab initio eigenvectors and are easily assignable for all modes.
in contrast, there are 6 modes in Model 2 (6, 8, 10, 11, 12, and 13) for which the eigenvectors
bear little resemblance to the corresponding standard. Of these, modes 8, 10, 11, and 12
cannot be assigned unambiguously to any of the ab initio eigenvectors. Mode 6, however,
bears a slight resemblance to the ab initio eigenvector for mode 5. To illustrate, the
eigenvectors corresponding to modes 4, 11, and 12 calculated by the 2 models are shown for
comparison with the standards in Figure 2. Figure 2a shows the worst agreement in
frequency between Model 1 and the standard. Inspection of this figure shows that the
eigenvectors of both of the models are in relatively good agreement with the standard.

5




Table 3. Normal Mode Frequencies of CH,NNO;

Mode No. | Ab initio® | Model 1¢ | Model 2°
1 100 101 101
2 391 274 391
3 561 560 560
4 621 441 619
5 665 610 666
6 872 732 868
7 896 894 894
8 1220 1206 1220
9 1261 1263 1263
10 1311 1312 1311
11 1580 1447 1580
12 1612 1637 1613
13 1839 1839 1840
14 3361 3362 3356
15 3483 3492 3487
ZPE® (eV) | 1.2259 1.1884 1.2255

Frequencies given in cm.

8-in-8 CASSCF/DZ (Mowrey et al. 1990).

Eigenvactors corresponding to these frequencies matched to ab initio eigenvectors.
Frequencies matched to ab initio frequencies regardless of eigenvector form.

Zero point vibrational energy.

o a 6 o ®°

Figure 2b again demonstrates a case where the frequency of the mode predicted by

Model 1 disagrees with the standard, but the eigenvector is clearly assignable. In this case,
however, the eigenvector of Model 2 does not resemble the standard in spite of its excellent
agreement in frequency. In the last case, illustrated in Figure 2c, the frequencies from both
models compare well with the standard, but the eigenvector of Model 2 is unassignable to this
mode. The differences in vibrational frequencies between Model 1 and the standard merely
reflect the inability to perfectly fit the matrix of second-derivatives with respect to energy for
Model 1 which indicates deficiencies in the form of the potential energy function. On the other
hand, the inability to reproduce the eigenvectors from Model 2 is due not only to deficiencies
in the functional form, but also to the fact that the parameters for Mode! 2 were fit to less
potential energy surface information, specifically concerning the shape of the surface.




(1) (1)

(1)

Figure 1. Structure of Methylene Nitramine at the Equilibrium Geometry Obtained at the 8-in-8
CASSCF/DZ Level.
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Figure 2. Depictions of the Normal Modes of Vibrations of Methylene Nitramine for Modes
(a) 4, (b) 11, and (¢) 12 (See Table 3).




In almost all instances, there will be deficiencies in the form of the potential energy
function; therefore, it will be difficult to attain good fits. In addition to defining a suitably
flexible function, a modeler is also faced with the issue of whether it is better to correctly
describe the eigenvectors at the sacrifice of agreement in frequencies or to fit to the
frequencies only, thereby ignoring the detailed motion of the atoms. For this system, the
assumption that Model 2 accurately describes the system under study based only on
agreement with the harmonic frequencies is deceptive, considering how poorly some of the
eigenvectors compare with the ab initio values. Although differences in the dynamics occur
near the equilibrium geometry due to the differences in the fitting criteria for the model
(i.e., the normal modes), we wish to further explore how the reaction dynamics differ
depending on the different criteria used in fitting the functions. To investigate this, we
performed a series of molecular dynamics calculations on the two models; specifically, we
investigated the unimolecular decomposition of CH,NNO.,.

3. DISCUSSION

Although there are experimental evidence (Zhao, Hintsa, and Lee 1988) and theoretical
predictions (Mowrey et. al 1990) that unimolecular decay of CH,NNQO, is more likely to occur
by concerted dissociation pathways than through N-N bond scission, for our purposes our
models only describe bond scission reactions. The N-N bond is the weakest bond in this
system by 2.4 eV, and this was the only reaction we observed.

Ensembles of trajectories at six energies were integrated using a variable step size
Adams-Moulton fourth-order predictor corrector integrator (Miller and George 1972). Relative
error tolerance was set at 10”7. Before each ensemble of trajectories is integrated, the system
(including the zero point energy) is equipartitioned among the normal modes in the form of
kinetic energy. A warm-up trajectory of approximately 0.03 ps is performed, and a Markov
walk of 75,000 steps is taken to randomize the energy of the system. A trajectory is then
integrated until the N-N bond exceeds 6.0 A or until the trajectory integration exceeds a
maximum time of 30 ps. A sequence of 1,500 Markov moves is taken from the starting point
of the previous trajectory and the integration/Markov walk pattern is repeated until 1,000
trajectories have been integrated. According to the standard Metropolis Monte Carlo sampling
procedure (Metropolis et. al 1953, Raff and Thompson 1985; Brady, Doll, and




Thompson 1981), if a trial move taken from the starting point of a previous trajectory j is
rejected, then the result of the previous trajectory is counted again and recorded as the j + 1
contribution to the ensemble average. The present Metropolis procedure was designed such
that approximately 50% of all attempted moves were rejected. Because of this rejection ratio,
results from approximately 50% of the 1,000 trajectories integrated were recounted and
included in the decay curves. In the Markov walk, the system is not allowed to exceed an
N-N bond distance of 3.75 A. Each trajectory included in the decay curves was required to
undergo at least one N-N bond vibration before dissociation; if it did not, it was not included.
The time of decomposition was marked at the last inner turning point of the N-N bond
vibration.

Figure 3 shows unimolecular decay curves of In(P) vs. time where P is the fraction of
undissociated trajectories at time t for Models 1 and 2 at 2.9384, 3.1884, 3.4384, 3.6884,
3.9384, and 4.1884 eV. First-order rate coefficients were extracted from the straight line
portions of the curves and are listed in Table 4. In all of the figures, the decay curves of
Model 1 are well fit to a straight line, indicating the rate in this system is first-order and time
independent. Also, as expected, the rate coefficients show a monotonic increase with
increasing energy. Another indication of the well-behaved nature of this model is that the
rates can be described by the RRK statistical model (Robinson and Holbrook 1972)

E-g |
k(E) = A[ = I (4)

where A =5.1 ps™, E, =27 eV and s = 1.3. The calculated rates from Model 1 and those

predicted from Equation 4 are shown in Figure 4a.

The decay curves for Model 2 are not well behaved; in Figures 2b, 2d, and 2e there are at
least two regions that are linear but differ in slope. The slopes for the initial regions of these
three curves are significantly steeper than for the region of longer lifetimes, indicating that
there is a faster reaction rate for the early decomposition events and a slower rate for longer
reaction times. Like Model 1, the three other decay curves (Figures 2a, 2c, and 2f) can be
reasonably fit to a straight line. We attempted to fit the data from Model 2 to Equation 4 in

10
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Table 4. Computed Rate Coefficients®

Energy (eV)° k (ps™)
Model 1 Model 2°¢
Fast Slow
2.94 1.64 3.96
3.19 254 146 | 0.142
3.44 2.98 4.36
3.69 3.23 3.71 | 1.310
3.94 3.48 4.80 | 0.729
419 357 5.38

T The rate coefficients k are extracted from the least squares fits of the decay curves to the model of first order
reaction, In{p) = -kt (Figure 3).

Includes the zero point energy.

See text.

the same manner as for Model 1 using the rate coefficients extracted from the curves in
Figures 2a, 2c¢, and 2f and the "fast" region of the curves in Figures 2b, 2d, and 2e. Because
Figures 2a, 2¢, and 2f did not unambiguously exhibit a "slow" region of the curves, we did not
attempt to fit the "slow" rates to Equation 4. Comparison of the best fit of Equation 4 to the
rates extracted from Model 2 are shown in Figure 4b; the best fit parameters for this equation
are 11.9 ps”, 1.178 eV and 2.97 for A, E,, and s, respectively. As shown strikingly in

Figure 4b and Table 4, the rates from Model 2 have an erratic energy dependence, and are
poorly described by the RRK theory. These, coupled with bimodal behavior of the decay
curves in Figures 2b, 2d, and 2e, are indicative of nonstatistical behavior, possibly due to
bottlenecks in the system (Hase 1976).

Because CH,NNO, has never been isolated and unimolecular decay experiments have
never been done on this molecule, particularly this channel, we cannot state unequivocally
which model more accurately represents the true system. We have shown, however, that with
littie effort, nonstatistical behavior can be incorporated into a model, and at the very least, we
have shown that the rates of decomposition differ between the two models at all energies
studied. We wish to stress that Model 2, which predicts nonstatistical behavior, is fit to the
observable, the normal mode frequencies. If this nonstatistical behavior is only an artifact of

the fitting procedure, one could easily be led to erroneous conclusions about a given system

13




which exhibits very interesting dynamical behavior. The erratic nature of the dyriamics results
obtained from Model 2 leads one to question the usefulness for prediction and understanding
the system as described by Model 2.

14




4. REFERENCES

Allinger, N. L., Y. H. Yuh, and J. H. Lii. Journal of the American Chemical Society, vol. 111,
p. 8551, 1989.

Brady, J. W., J. D. Doll, and D. L. Thompson. Journal of Chemical Physics, vol. 74, p. 1026,
1981.

Dinur, U., and A. T. Hagler. Journal of the American Chemical Society, vol. 111, p. 5149,
1989a.

Dinur, U., and A. T. Hagler. Journal of Chemical Physics, vol. 91, pp. 2949, 2959, 1989b.

Dinur, U., and A. T. Hagler. Journal of Computational Chemistry, vol. 11, p. 1234, 1990.

Hagler, A. T, J. R. Maple, T. S. Thatcher, G. B. Fitzgerald, and U. Dinur. Computer
Simulation of Biomolecular Systems-Theoretical and Experimental Applications. Edited by
W. F. van Gunsteren and P. K. Weiner. ESCOM, Leiden, pp. 143-167, 1989.

Hase, W. L. "Dynamics of Molecular Collisions, Part B." Modern Theoretical Chemistry,
vol. 2. Edited by W. H. Miller, New York: Plennum Press, pp. 121-169, 1976.

Maple, J. R., U. Dinur, and A. T. Hagler. Proceedings of the National Academy of Science
USA, vol. 85, p. 5350, 1988.

Maple, J. R., T. S. Thatcher, U. Dinur, and A. T. Hagler. Chemical Design Automation News,
vol. 5, no. 9, p. 10, 1990.

Metropolis, N., A. W. Rosenbluth, M. N. Rosenbluth, A. H. Teller, and E. Teller. Journal of
Chemical Physics, vol. 21, p. 1087, 1953.

Miller, W. H., and T. F. George. Journal of Chemical Physics, vol. 56, p. 5668, 1972.

Mowrey, R. C., M. Page, G. F. Adams, and B. H. Lengsfield Ill. Journal of Chemical Physics,
vol. 93, p. 1857, 1990. ’

Raff, L. M., and D. L. Thompson. Theory of Chemical Reaction Dynamics, vol. 1. Edited by
M. Baer. Boca Raton, Florida: Chemical Rubber, pp. 1-121, 1985.

Robinson, P. J., and K. A. Holbrook. Unimolecular Reactions. New York: John Wiley and
Sons, Ltd., 1972.

Zhao X., E. J., Hintsa, and Y. T. Lee. Journal of Chemical Physics, vol. 88, p. 801, 1988.

15




INTENTIONALLY LEFT BLANK.

16




No. of

Copies Organization

2

{Unclass. only){

Administrator

Detense Technical Info Center
ATTN: DTIC-DDA

Cameron Station

Alexandria, VA 22304-6145

Commander

U.S. Army Materiel Command
ATTN: AMCDRA-ST

5001 Eisenhower Avenue
Alexandria, VA 22333-0001

Commander

U.S. Army Laboratory Command
ATTN: AMSLC-DL

2800 Powder Mill Road

Adelphi, MD 20783-1145

Commander

U.S. Army Armament Research,
Development, and Engineering Center

ATTN: SMCAR-IMi-|

Picatinny Arsenal, NJ 07806-5250

Commander

U.S. Army Armament Research,
Development, and Engineering Center

ATTN: SMCAR-TDC

Picatinny Arsenal, NJ 07806-5000

Director

Benet Weapons Laboratory

U.S. Army Armament Research,
Development, and Engineering Center

ATTN: SMCAR-CCB-TL

Watervliet, NY 12183-4050

Commander

U.S. Army Armament, Munitions
and Chemical Command

ATTN: AMSMC-IMF-L

Rock Island, IL 61299-5000

Director

U.S. Army Aviation Research
and Technology Activity

ATTN: SAVRT-R (Library)

M/S 219-3

Ames Research Center

Moffelt Field, CA 94035-1000

17

No. of

Copies Qrganization

1

(Class. only)1

(Unclass. only)1

10

Commander

U.S. Army Missile Command
ATTN: AMSMI-RD-CS-R (DOC)
Redstone Arsenal, AL 35898-5010

Commander

U.S. Army Tank-Automotive Command

ATTN: ASQNC-TAC-DIT (Technical
Information Center)

Warren, Ml 48397-5000

Director

U.S. Army TRADOC Analysis Command
ATTN: ATRC-WSR

White Sands Missile Range, NM 88002-5502

Commandant

U.S. Army Field Arillery School
ATTN: ATSF-CSI

Fi. Sill, OK 73503-5000

Commandant

U.S. Army Infantry School

ATTN: ATSH-CD (Security Mgr))
Fort Benning, GA 31905-5660

Commandant

U.S. Army Intantry School
ATTN: ATSH-CD-CSO-OR
Fort Benning, GA 31905-5660

Air Force Armament Laboratory
ATTN: WL/MNOI
Eglin AFB, FL 32542-5000

Aberdeen Proving Ground

Dir, USAMSAA
ATTN: AMXSY-D
AMXSY-MP, H. Cohen

Cdr, USATECOM
ATTN: AMSTE-TC

Cdr, CRDEC, AMCCOM

ATTN: SMCCR-RSP-A
SMCCR-MU
SMCCR-MSI

Dir, VLAMO
ATTN: AMSLC-VL-D

Dir, BRL
ATTN: SLCBR-DD-T




No. of
Copies

Organization

HQDA (SARD-TR, C.H. Church)
WASH DC 20310-0103

Commander
US Army Research Office
ATTN:  R. Ghirardelli

D. Mann

R. Singleton

R. Shaw

P.0. Box 12211
Research Triangle Park, NC
27709-2211

Commander
US Army Armament Research,
Development, and Engineering Center
ATTN: SMCAR-AEE-B, D.S. Downs
SMCAR-AEE, J.A. Lannon
Picatinny Arsenal, NJ 07806-5000

Commander

US Army Armament Research,
Development, and Engineering Center

ATTN: SMCAR-AEE-BR, L. Harris

Picatinny Arsenal, NJ 07806-5000

Commander

US Army Missile Command

ATTN: AMSMI-RD-PR-E, A.R. Maykut
AMSMI-RD-PR-P, R. Betts

Redstone Arsenal, AL 35898-5249

Office of Naval Research
Department of the Navy
ATTN:  R.S. Miller, Code 432
800 N. Quincy Street
Arlington, VA 22217

Commander

Naval Air Systems Command

ATTN: J. Ramnarace, AlIR-54111C
Washington, DC 20360

Commander

Naval Surface Warfare Center
ATTN:  J.L. East, Jr., G-23
Dahigren, VA 22448-5000

18

No. of

Copies Organization

2 Commander
Naval Surface Warfare Center
ATTN: R. Bernecker, R-13
G.B. Wilmot, R-16
Silver Spring, MD 20903-5000

5 Commander

Naval Research Laboratory
ATTN: M.C. Lin

J. McDonald

E. Oran

J. Shnur

R.J. Doyie, Code 6110
Washington, DC 20375

1 Commanding Officer
Naval Underwater Systems
Center Weapons Dept.
ATTN:  R.S. Lazar/Code 36301
Newport, Rl 02840

2 Commander
Naval Weapons Center
ATTN: T. Boggs, Code 388
T. Parr, Code 3895
China Lake, CA 93555-600t

1 Superintendent
Naval Postgraduate School
Dept. of Aeronautics
ATTN:  D.W. Netzer
Monterey, CA 93340

3 AL/LSCF

ATTN:  R. Corley
R. Geisler
J. Levine

Edwards AFB, CA 93523-5000

1 AL/MKPB
ATTN:  B. Goshgarian
Edwards AFB, CA 93523-5000
1 AFOSR
ATTN:  J.M. Tishkoft

Bolling Air Force Base
Washington, DC 20332

1 OSD/SDIO/IST
ATTN: L. Caveny
Pentagon
Washington, DC  20301-7100




No. of

Copies Organization

1 Commandant
USAFAS
ATTN: ATSF-TSM-CN
Fort Sill, OK 73503-5600

1 F.J. Seiler
ATTN:  S.A. Shackleford

USAF Academy, CO 80840-6528

1 University of Dayton Research Institute
ATTN:  D. Campbell
AL/PAP
Edwards AFB, CA 93523

1 NASA
Langley Research Center
Langley Station
ATTN:  G.B. Northam/MS 168
Hampton, VA 23365

4  National Bureau of Standards
ATTN:  J. Hastie
M. Jacox
T. Kashiwagi
H. Semerjian
US Department of Commerce
Washington, DC 20234

1 Aerojet Solid Propulsion Co.
ATTN:  P. Micheli
Sacram. nto, GA 95813

1 Applied Combustion Technology, Inc.
ATTN:  A.M. Varney
P.O. Box 607885
Orlando, FL 32860

2  Applied Mechanics Reviews
The American Society of
Mechanical Engineers
ATTN:  R.E. White
A.B. Wenzel
345 E. 47th Street
New York, NY 10017

1 Atlantic Research Corp.
ATTN: MK King
5390 Cherokee Avenue
Alexandria, VA 22314

19

No. of

Copies

Organization

1

Atlantic Research Corp.
ATTN:  R.H.W. Waesche
7511 Wellington Road
Gainesville, VA 22065

AVCO Everett Research
Laboratory Division

ATTN:  D. Stickler

2385 Revere Beach Parkway

Everett, MA 02149

Battelle

ATTN:  TACTEC Library, J. Huggins
505 King Avenue

Columbus, OH 43201-26393

Cohen Professional Services
ATTN:  N.S. Cohen

141 Channing Street
Redlands, CA 92373

Exxon Research & Eng. Co.
ATTN: A Dean

Route 22E

Annandale, NJ 08801

Ford Aerospace and
Communications Corp.

DIVAD Division
Div. Hg., Irvine
ATTN:  D. Wiliams

Main Street & Ford Road
Newport Beach, CA 92663

General Applied Scierice
Laboratories, Inc.

77 Raynor Avenue

Ronkonkama, NY 11779-6649

General Electric Ordnance
Systems

ATTN:  J. Mandzy

100 Plastics Avenue

Pittsfield, MA 01203

General Motors Rsch Labs
Physical Chemistry Department
ATTN: T. Sloane

Warren, Ml 48090-9055




No. of
Copies Organization
2 Hercules, inc.

Allegheny Ballistics Lab.
ATTN:  W.B. Walkup
E.A. Yount
P.O. Box 210
Rocket Center, WV 26726

Alliant Techsystems, Inc.
Marine Systems Group
ATTN: D.E. Broden/

MS MN50-2000
600 2nd Street NE
Hopkins, MN 55343

Alliant Techsystems, Inc.
ATTN: R.E. Tompkins
MN38-3300

5700 Smetana Drive
Minnetonka, MN 55343

IBM Corporation
ATTN: A.C. Tam
Research Division
5600 Cottle Road

San Jose, CA 95193

IiIT Research Institute
ATTN: R.F. Remaly
10 West 35th Street
Chicago, IL 60616

Director
Lawrence Livermore
National Laboratory

ATTN: C. Westbrook
M. Costantino
P.O. Box 808

Livermore, CA 94550

Lockheed Missiles & Space Co.
ATTN: George Lo

3251 Hanover Street

Dept. 52-35/B204/2

Palo Alto, CA 94304

Director

Los Alamos National Lab
ATTN:
P.O. Box 1663

Los Alamos, NM 87545

B. Nichois, T7, MS-B284

20

No. of
Copies

QOrganization

1

National Science Foundation
ATTN:  A.B. Harvey
Washington, DC 20550

Olin Ordnance

ATTN: V. McDonald, Library
P.O. Box 222

St. Marks, FL  32355-0222

Paul Gough Associates, Inc.
ATTN: P.S. Gough

1048 South Street
Portsmouth, NH 03801-5423

Princeton Combustion
Research Laboratories, Inc.
ATTN: M. Summerfield
N.A. Messina
475 US Highway One
Monmouth Junction, NJ 08852

Hughes Aircraft Company
ATTN: T.E. Ward

8433 Fallbrook Avenue
Canoga Park, CA 91303

Rockwell International Corp.
Rocketdyne Division

ATTN:  J.E. Flanagan/HB02
6633 Canoga Avenue
Canoga Park, CA 91304

Director
Sandia National Laboratories
Division 8354
ATTN: R. Cattolica

S. Johnston

P. Mattern

D. Stephenson
Livermcre, CA 94550

Science Appilications, inc.
ATTN: R.B. Edelman
23146 Cumorah Crest
Woodland Hills, CA 91364

SRI international
ATTN: G. Smith
D. Crosley
D. Goiden
333 Ravenswood Avenue
Menlo Park, CA 94025




No. of
Copies Organization

1

Stevens Institute of Tech.
Davidson Laboratory
ATTN:  R. McAlewy, il
Hoboken, NJ 07030

Sverdrup Technology, Inc.
LERC Group

ATTN: R.J. Locke, MS SVR-2
2001 Aerospace Parkway
Brook Park, OH 44142

Sverdrup Technology, Inc.
ATTN: J. Deur

2001 Aerospace Parkway
Brook Park, OH 44142

Thiokol Corporation
Elkton Division

ATTN:  S.F. Palopoli
P.O. Box 241

Elkton, MD 21921

Thiokol Corporation
Wasatch Division

ATTN: S.J. Bennett
P.O. Box 524

Brigham City, UT 84302

United Technologies Research Center

ATTN: A.C. Eckbreth
East Hartford, CT 06108

United Technologies Corp.
Chemical Systems Division
ATTN: R.S. Brown

T.D. Myers (2 copies)
P.O. Box 49028
San Jose, CA 95161-9028

Universal Propulsion Company
ATTN:  H.J. McSpadden
Black Canyon Stage 1

Box 1140

Phoenix, AZ 85029

Veritay Technology, Inc.

ATTN: E.B. Fisher

4845 Millersport Highway

P.O. Box 305

East Amherst, NY 14051-0305

21

No. of

Copies

1

Organization

Brigham Young University
Dept. of Chemical Engineering
ATTN:  M.W. Beckstead
Provo, UT 84058

California Institute of Tech.

Jet Propulsion Laboratory
ATTN: L. Strand/MS 512/102
4800 Oak Grove Drive
Pasadena, CA 91109

California Institute of

Technology
ATTN:  F.E.C. Culick/
MC 301-46

204 Karman Lab.
Pasadena, CA 91125

University of California

Los Alamos Scientific Lab.
P.O. Box 1663, Mail Stop B216
Los Alamos, NM 87545

University of California,
Berkeley

Chemistry Deparment

ATTN: C. Bradley Moore

211 Lewis Hall

Berkeley, CA 94720

University of California,
San Diego

ATTN:  F.A. Williams

AMES, B010

La Jolla, CA 92093

University of California,
Santa Barbara
Quantum Institute
ATTN: K. Schofield
M. Steinberg
Santa Barbara, CA 93106

University of Colorado at
Boulder

Engineering Center

ATTN:  J. Daily

Campus Box 427

Boulder, CO 80308-0427




No. of

Copies

2

Organization

University of Southern
California
Dept. ot Chemistry
ATTN: S. Benson
C. wittig
Los Angeles, CA 90007

Cornell University
Department of Chemistry
ATIN: T.A. Cool
Baker Laboratory

Ithaca, NY 14853

University of Delaware
ATTN: T Bril
Chemistry Department
Newark, DE 19711

University of Florida
Dept. of Chemistry
ATTN: J. Winefordner
Gainesville, FL 32611

Georgia Institute of Technology
School of Aerospace Engineering
ATTN: E. Price

W.C. Strahle

B.T. Zinn
Atlanta, GA 30332

University of lllinois

Dept. of Mech. Eng.

ATTN:  H. Krier

144MEB, 1206 W. Green St.
Urbana, IL 61801

Johns Hopkins University/APL

Chemical Propulsion
Information Agency

ATTN: T.W. Christian

Johns Hopkins Road

Laurel, MD 20707

University of Michigan

Gas Dynamics Lab
Aerospace Engineering Bldg.
ATTN:  G.M. Faeth

Ann Arbor, Ml 48109-2140

22

No. of
Copies

Organization

1

University of Minnesota

Dept. of Mechanical
Engineering

ATTN:  E. Fletcher

Minneapolis, MN 55455

Pennsylvania State University
Applied Research Laboratory
ATTN: KK Kuo

H. Palmer

M. Micci
University Park, PA 16802

Pennsylvania State University
Dept. of Mechanical Engineering
ATTN: V. Yang
University Park, PA 16802
Polytechnic Institute of NY
Graduate Center

ATTN:  S. Lederman
Route 110

Farmingdale, NY 11735

Princeton University
Forrestal Campus Library

ATTN: K. Brezinsky
I. Glassman
P.O. Box 710

Princeton, NJ 08540

Purdue University

School of Aeronautics
and Astronautics

ATTN:  J.R. Osborn

Grissom Hall

West Lafayette, IN 47906

Purdue University
Department of Chemistry
ATTN:  E. Grant

West Lafayette, IN 47906

Purdue University
School of Mechanical
Engineering
ATTN:  N.M. Laurendeau
S.N.B. Murthy
TSPC Chaffee Hall
West Lafayette, IN 47906




No. of
Copies Organization

1

Rensselaer Polytechnic Inst.
Dept. of Chemical Engineering
ATTN: A Fontijn

Troy, NY 12181

Stanford University

Dept. of Mechanical
Engineering

ATTN:  R. Hanson

Stanford, CA 94305

University of Texas
Dept. of Chemistry
ATTN:  W. Gardiner
Austin, TX 78712

University of Utah

Dept. of Chemical Engineering
ATIN: G. Flandro

Salt Lake City, UT 84112

Virginia Polytechnic
Institute and
State University
ATTN:  J.A Schetz
Blacksburg, VA 24061

Freedman Associates
ATTN: E. Freedman
2411 Diana Road

Baltimore, MD 21209-1525

23




INTENTIONALLY LEFT BLANK.

24




USER EVALUATION SHEET/CHANGE OF ADDRESS

This laboratory undertakes a continuing effort to improve the quality of the repons it

publishes. Your comments/answers below will aid us in our efforts.

1. Does this report satisfy a need? (Comment on purpose, related project, or othe: area of

interest for which the report will be used.)

2. How, specifically, is the report being used? (Information source, design data, procedure,

source of ideas, etc.)

3. Has the information in this report led to any quantitative savings as far as man-hours or

dollars saved, operating costs avoided, or efficiencies achieved,
elaborate.

etc?

If so, please

4. General Comments. What do you think should be changed to improve future reports?

(Indicate changes to organization, technical content, format, etc.)

BRL Report Number _ BRL-TR-3282 Division Symbol

Check here if desire to be removed from distribution list.
Check here for address change.

Current address: Organization

Address

DEPARTMENT OF THE ARMY
Director

U.S. Army Ballistic Research Laboratory
ATTN: SLCBR-DD-T
Aberdeen Proving Ground, MD 21005-5066

OFACIAL BUSINESS BUSINESS REPLY MAIL
FIRST CLASS PERMIT No 0001, APS, MD

Postage will be paid by addressee

Director

U.S. Army Ballistic Research Laboratory
ATTN: SLCBR-DD-T
Aberdeen Proving Ground, MD 21005-5066

NO POSTAGE
NECESSARY
1F MAILED
IN THE
UNITED STATES




